Aims-Previous studies have implied that interferon gamma (IFN-) is involved in the pathogenesis of endotoxin induced uveitis (EIU) in the rat. This study investigated the source of IFN-in the iris during EIU. Methods-Whole mounts of iris were isolated from Lewis rats before and at different times (from 4 hours to 14 days) after foot pad injection of 200 µg Salmonella typhimurium lipopolysaccharide (LPS). Immunohistological analysis was performed using monoclonal antibodies (mAbs) specific to rat IFN-(DB12 and DB13). mAbs specific to monocytes, macrophages, and dendritic cells and MHC class II were used to asses the inflammatory response in the eye (ED-1, ED-2, and OX-6). An antibody specific to neurofilaments (2H3) was used to stain nerve fibres in the normal iris.
Interferon gamma (IFN-) plays an important role in the regulation of immune and inflammatory responses and in the host defence against viral infections. It has multiple biological eVects, including activation of monocytes/ macrophages and polymorphonuclear cells, proliferation of Th1-type lymphocytes, induction of cytokines, such as interleukin 1 (IL-1) and tumour necrosis factor-(TNF), induction of nitric oxide (NO) production, induction of MHC antigen expression on a wide variety of cell types, including lymphocytes and macrophages, and antiviral activity (reviewed by Young and Hardy 1 and Sen 2 ).
The production of IFN-is mainly restricted to T lymphocytes and natural killer (NK) cells. T lymphocytes secrete IFN-in response to appropriate antigens or mitogens. Both T cells and NK cells are readily stimulated to produce IFN-by the cytokines IL-2 and IL-12, whereas corticosteroids, transforming growth factor (TGF-), and IL-10 markedly suppress its synthesis. 2 Using monoclonal antibodies against rat IFN-it was recently shown that neurons in peripheral ganglia contain IFNimmunoreactive molecules. 3 4 This material has now been further characterised and has been denoted as neuronal IFN-. [3] [4] [5] It diVers from "immune" IFN-in that it has a much higher molecular weight (between 54 and 66 kD) but is similar in bioactivity concerning antiviral eVects and MHC inducing capacities. 5 Several studies have implied that IFN-is involved in the pathogenesis of endotoxin induced uveitis (EIU), although its exact contribution remains unclear. IFN-mRNA was detected in the uvea 6 7 and protein was found in aqueous humour 8 during EIU. Injection of IFN-into the eyes of rats induced uveitis that resembled the response to lipopolysaccharide (LPS) (reviewed by De Vos et al 9 ) and transgenic mice expressing IFN-in the eye developed profound intraocular inflammation, 10 11 indicating that this cytokine may have uveitogenic properties. Strikingly, systemic administration of anti-IFN-antibodies resulted in an exacerbation of EIU. 12 Moreover, Whitcup et al showed recently that the beneficial eVect of intraocular IL-12 treatment on EIU was associated with increased levels of aqueous IFN-. 8 It has been hypothesised that the "paradoxical" eVects of IFNin EIU may be concentration dependent. 8 The present study investigated the source of IFN-in the iris during EIU in the rat. Earlier attempts, using immunohistochemical analysis of tissue sections, did not reveal IFN-positive cells in the eye during EIU. 13 Previously, we have used immunohistochemical analysis of tissue whole mounts to assess cellular changes in the retina and choroid during EIU 14 15 and noted the higher resolution of this technique compared with the former. In the study presented here, we show IFN-immunoreactivity is expressed in iris nerve fibres during endotoxin induced uveitis. Harlan (Zeist, Netherlands). All rats were treated according to the ARVO resolution on the use of animals in research. Salmonella typhimurium LPS (Difco, Detroit, MI, USA) was dissolved in sterile pyrogen free saline 0.9% at a concentration of 2 mg/ml and 50 µl was injected into both hind foot pads of rats, the total dose of LPS per animal being 200 µg. 14 Before the enucleation of eyes, rats were injected with 1500 IU intravenous heparin and perfused with 250 ml cold phosphate buVered saline (PBS, pH 7.4) via the left ventricle during systemic anaesthesia, as previously described. 14 Eyes were enucleated at diVerent times-that means, before LPS injection (normal controls) and 4, 8, 16, 24, 48, 72, 96 hours and 7, 10, and 14 days after LPS injection. Enucleated eyes were dissected behind the ciliary body after which the lens together with remaining vitreous fluid was removed from the anterior part. The iris ciliary body was carefully separated from the sclera and fixed in cold 100% ethanol for 5 minutes. Fixed iris ciliary body whole mounts were placed in PBS and stored at 4°C until use.
Materials and methods

EXPERIMENTAL
IMMUNOHISTOCHEMISTRY
Immunohistochemistry was performed on iris ciliary body whole mounts as previously described. [14] [15] [16] Briefly, endogenous peroxidase activity was eliminated by preincubation in PBS, 1% hydrogen peroxide for 20 minutes. Whole mounts of iris ciliary body were incubated with primary antibodies at 4°C overnight. The primary monoclonal antibodies used were DB12 and DB13 (kindly provided by Dr P van der Meide), both specific to diVerent epitopes of rat IFN-. 17 Monoclonal antibody 2H3 (purchased from the Developmental Studies Hybridoma Bank, Iowa, IA, USA), specific to neurofilaments, 18 was used as control for neuronal staining. Monoclonal antibodies ED-1, recognising rat monocytes, macrophages, and 90% of dendritic cells, ED-2, recognising resident connective tissue macrophages (both antibodies kindly provided by Dr C Dijkstra) and OX-6 (Sera-Lab, Sussex), recognising rat MHC class II were used to assess the inflammatory changes in the iris ciliary body. Incubation without primary antibodies served as negative control. No specific staining was observed when primary antibodies were omitted (data not shown). Subsequent incubations with biotinylated sheep antimouse antibody (Amersham Life Science, Amersham) and streptavidin-biotinperoxidase complex (Dako, Glostrup, Denmark) were carried out at room temperature. Staining was performed with 3,3 diaminobenzidine tetrahydrochloride (Sigma, St Louis, MO, USA). Stained whole mounts were placed on gelatin coated slides with the epithelium facing up, dried at room temperature, and embedded in Entellan.
Results
Injection of LPS induced acute panuveitis, characterised by cellular infiltration of both the anterior segment (according to slit lamp examination) and posterior segment 14 15 of the eye. Staining with ED-1, ED-2, and OX-6 was performed to assess the inflammatory changes in the iris ciliary body. The results of immunostaining with these antibodies of normal and inflamed irises were consistent with previous findings of McMenamin et al. 19 A network of ED-1, ED-2, and OX-6 positive dendritic cells was found in the normal iris. The number of monocytes/macrophages and MHC class II positive (round and dendritiform) cells in the iris increased immediately after LPS injection, reached peak levels after 24 hours and returned to preinjection level by day 14. IFN-staining was not observed in iris whole mounts of control rats ( Fig 1A) . LPS injection induced IFN-immunoreactivity in fibres, from 4 hours to 10 days after injection, although diVerences in the number of positive irises between DB12 and DB13 staining were observed (Table 1 ). The strongest staining was observed from 24 to 72 hours ( Fig 1B-D) , especially at 48 hours, and decreased gradually during following times.
No round or dendritiform DB12 or DB13 positive cells were detected in the iris after LPS injection. The IFN-positive fibres, which were found either as single fibres or in bundles, formed a dense network in the iris. Both thick and thin bundles were found at the iris base and mid-iris. Thin bundles, intermingled with single fibres, were detected in a dense plexus in the sphincter area. Immunostaining of control irises with mAb 2H3 showed a fibrous network of neurofilaments (Fig 2) similar to the pattern stained by DB12 or DB13 after LPS injection, strongly implying that IFN-immunoreactivity was present in nerve fibres. The antibodies ED-1, ED2, and OX-6 (all IgG1 isotype) did not reveal the characteristic fibre-like staining pattern as seen with the two monoclonal antibodies against IFN-(DB12 and DB13; both IgG1 isotype) during EIU indicating that the immunostaining of the nerve fibres was not due to an aspecific interaction with the mouse monoclonal antibodies.
Discussion
The present study demonstrates IFN-immunoreactivity in fibres in the iris during EIU in the rat. Immunostaining with the monoclonal anti-IFN-antibodies DB12 or DB13 showed a staining pattern very similar to that seen with the monoclonal antibody 2H3, that recognises nerve fibres, and to the staining of sensory nerve fibres with a polyclonal antibody against neurofilament protein. 20 Other IFN-positive cells were not detected in the iris, making it unlikely that this cytokine originates from adjacent cells, such as infiltrating T cells. Together, this strongly suggests that the IFNimmunoreactive material present in iris nerve fibres may be identical to N-IFN-reported earlier in other tissues. [3] [4] [5] N-IFN-appears to be a structurally related form of "immune" IFN-, based on antibody binding and biological eVects. It was initially detected by immunohistochemistry, using different anti-IFN-monoclonal antibodies of the "DB" series, in subpopulations of sensory neurons, in perivascular nerve fibres, in certain nerve fibres branching in the central nervous system, 3 and in sympathetic and parasympathetic ganglion cells. 4 Some neurons, such as the facial motor neurons normally do not express it but can be induced to produce N-IFN-after nerve transection. 21 22 The monoclonal antibodies of the DB series were made using immune IFN-as the antigen and only later was it shown that they reacted with nerve fibres under certain conditions. As far as we know no one has made an antibody using IFN-like material from nerve fibres as the immunising antigen. Our study is the first to show that IFN-immunoreactivity is induced in iris neurons after LPS stimulation. Whether LPS stimulates N-IFN-production elsewhere is not yet known.
IFN-immunoreactivity in the iris was investigated in the present study by using two monoclonal antibodies directed against diVerent epitopes on immune IFN-. Most prominent staining was observed with the DB13 anti-IFN-antibody. This may be due to diVerences in antibody aYnity and is in agreement with the findings of other authors who showed that DB13 inhibited antiviral activity of IFN-better than DB12. 17 Since iris neurons originate from the trigeminal ganglion, it may be possible that the IFN-immunoreactive material is produced at this site and transported into the eye. Nerve fibres in the iris, besides being sensory in nature also contain sympathetic and parasympathetic fibres. Olsson et al 5 have purified N-IFN-from the trigeminal ganglion of "naive" rats and characterised the functional activity of this cytokine. It was shown that N-IFN-has similar properties as immune IFN-, including induction of MHC class II on macrophages and antiviral activity. 5 Protein analysis, however, showed that the molecular weight of N-IFN-(54-66 kD) diVers from that of immune IFN-(20-25 kD). 5 21 Analysis of spinal ganglia RNA with immune IFN-probes failed to detect mRNA, 21 which suggests that N-IFN-is probably encoded by a gene with no or low DNA homology. Earlier results from our own group 6 and others 7 have revealed a variable mRNA expression for IFN-in the rat iris following systemic LPS administration. Until now it was not clear whether this was T cell derived or not. McMenamin et al who have performed extensive analysis of the inflammatory infiltrate in the iris during endotoxin induced uveitis observed a massive influx of T cells. 19 The fact that we did not observe any IFN-staining in individual cells may be explained by the fact that the infiltrating T cells may not yet be activated and therefore do not express IFN-.
Involvement of neuronal factors in EIU has previously been described. Increased levels of the neuropeptides substance P (SP) and pituitary adenylate cyclase activating peptide (PACAP) were detected in aqueous humour during EIU. 23 24 Intraocular injection of these neuropeptides produced certain features of uveitis, [24] [25] [26] implying their inflammatory potential. In contrast with N-IFN-, both SP and PACAP were also detected in iris nerve fibres of "normal" animals. 24 27 Expression of IFN-by the nerve fibres may be of great importance in view of the high prevalence of latent herpes viruses in the trigeminal ganglion. 28 It has been reported that more than 90% of adults may be infected with herpes simplex virus type 1. 29 This virus usually establishes latency after primary infection both in animals 28 and in humans. 29 Viral reactivation can be triggered by stress and challenges such as fever, 29 surgery, trauma, 28 29 and infection. 30 IFN-has antiviral activity 2 and the presence of IFN-in neurons may provide the host with a mechanism to suppress reactivation of viruses pre-existing in ganglions.
In summary, our study demonstrates a transient expression of IFN-immunoreactivity in iris fibres in response to systemic LPS challenge. Although the relevance of IFN-expression in nerve fibres remains to be elucidated, this finding may have implications for understanding certain mechanisms involved in the pathogenesis of EIU, as well as in other processes such as reactivation of neurotrophic viruses.
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